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The practice of nuclear magnetic resonance 
(NMR) presently encompasses multiple disciplines 
spanning the analytical and medical sciences, 
biochemistry, environmental monitoring, and well 
logging, to mention just a few. A limitation common to 
all these applications, however, is the sample spin 
polarization, which is typically a minute fraction of the 
possible maximum (10-5 at 10 T under ambient 
conditions). Sensitivity restrictions set a limit on the 
minimum amount of sample that can be detected (a 
concern when analyzing mass-limited samples or rare 
molecular moieties in solution), and result in longer 
acquisition times. In particular, because the signal-to-
noise ratio of an NMR measurement grows with the 
square root of the number of repeats, just a two-fold 
enhancement of the sample polarization leads to a four-
fold reduction of the acquisition time. Resorting to 
cryogenic temperatures or stronger magnets are the most 
obvious routes to enhanced spin polarization (and hence 
improved detection sensitivity), but sample freezing is 
often impractical (consider, e.g., living organisms) and 
large magnets tend to be disproportionately expensive.  
Adding to the existing library of free-radical-based 
dynamic nuclear polarization (DNP) schemes1, the use of 
optically polarized paramagnetic defects in wide bandgap 
semiconductors is emerging as an alternative polarization 
enhancement route of growing interest. An example of 
prominent importance is the negatively-charged nitrogen-
vacancy (NV-) center in diamond, a spin-1 system formed 
by a substitutional nitrogen and an adjacent vacancy. 
Green illumination efficiently pumps NV- into the 𝑚S =
0 state of the ground state spin-triplet via spin-selective 
intersystem crossing2. This feature has already been 
exploited to demonstrate record levels of room 
temperature 13C spin polarization at low3-8 (i.e., <100 mT) 
and intermediate9 (i.e., <300 mT) magnetic fields; 
optically pumped 13C polarization has also been observed 
at 7 T under cryogenic conditions10. Recent studies based 
on other defects in diamond11 or wide-bandgap host 
crystals other than diamond12 have led to comparable 
results.  
In spite of this progress, dynamic polarization of 
electron or nuclear spin species (within or outside the 
crystal lattice) through optically pumped NVs is still the 
subject of much research. Contributing to this trend are 
the many alternative polarization transfer mechanisms 
(activated resonantly at select magnetic fields3-7 or via the 
use of microwave (mw)8,9), and the complexity of the 
dynamics at play (particularly if the NV- axis and the 
direction of the external magnetic field do not coincide13). 
For example, cross-relaxation of optically-pumped 
shallow NVs interacting with the protons of an organic 
substance on the diamond surface has been recently 
observed near the NV- ground state level anti-crossing 
(~100 mT), where one of the allowed NV- spin transitions 
approximately matches the proton Zeeman splitting14.  
Here we extend this strategy to magnetic fields other 
than 100 mT via a mw-mediated polarization transfer 
scheme where the amplitude of the mw field driving the 
NV is chosen so that the Rabi and Zeeman frequencies of 
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the electronic and nuclear spins coincide15. Cross 
polarization to 13C spins within the diamond crystal has 
already been demonstrated via this scheme3,16, but 
extensions to outside spins have proven challenging, 
partly because of the sensitivity to mw amplitude 
fluctuations in the limit of weak hyperfine couplings. The 
present work overcomes this problem to demonstrate 
cross-relaxation of individual NV- spins to protons in a 
model fluid at variable magnetic fields17. By exploiting 
the dependence of the polarization transfer efficiency on 
the local dynamics of the target system, we show that 
molecular diffusion is substantially slower than in the 
bulk fluid, thus supporting current theoretical views on 
the structure of a liquid near a solid interface.  
Fig. 1a shows a schematic of our working geometry. In 
our experiments, we use a commercial electronic grade 
[100] crystal from E6 overgrown in-house with a 
sacrificial layer of a boron-enriched diamond via mw-
assisted chemical vapour deposition18. We create NV 
centers via 15N ion implantation followed by sample 
annealing; removal of the boron-rich layer is 
subsequently carried out through chemical etching (see 
Section 1 in the Supplementary Material). Throughout our 
experiments, we probe the NV- spin via optically detected 
magnetic resonance (ODMR). To determine the NV 
depth, we implement an XY8 multi-pulse train (Fig. 1b) 
and monitor the NV- response as we change the inter-
pulse separation; a signal reduction occurs when the latter 
matches half the proton spin Larmor period17. By 
assuming a proton density of 50 nm-3, the NV- depth — 
ranging from 2.5±0.3 nm to 5.0±0.3 nm in the examples 
of Fig. 1b — can be extracted from the root mean square 
value of the acting magnetic field, in turn, connected to 
the measured 1H NMR peak amplitude18. On average, we 
find these NVs show relatively long spin-lattice 
relaxation (T1) and coherence (T2) lifetimes, reaching up 
to 7.7 ms and 67.2 µs, respectively.  
Fig. 2a shows the cross-polarization scheme we use: 
Upon spin initialization via green laser illumination (532 
nm, 3 µs), we align the NV- spin along the mw-field via a 
/2-pulse followed by a ‘locking’ pulse in quadrature; the 
resulting NV- spin polarization is determined via a 
projection /2-pulse followed by a 3 µs readout pulse of 
green light. When the mw amplitude is adjusted so that 
the electronic Rabi splitting matches the nuclear spin 
Zeeman splitting, off-diagonal terms 𝐴⊥ in the hyperfine 
coupling active during the spin locking pulse drive the 
coherent transfer of spin polarization from NV- into 
proximal nuclei at a rate  √𝐴⊥
2 + (Ω − 𝜔𝐿)2, and the 
magnitude of the polarization transferred (determined by 
the depth of decay curves in Fig. 2c – 2e) is 𝐴⊥
2 /(𝐴⊥
2 +
(Ω − 𝜔𝐿)
2) . We will show later that this transfer rate is 
further affected by the relaxation rate of the NV spin and 
the diffusion in external spins. Clearly, the transfer is 
maximized at the resonant condition i.e., more formally, 
we write 
                         Ω = 𝛾NV𝐵1 = 𝜔𝐿 = 𝛾H𝐵0 ,                     (1) 
where Ω is the NV- spin Rabi frequency, 𝛾NV (𝛾H) is the 
NV- (1H) gyromagnetic ratio, and 𝐵1 (𝐵0) is the mw 
(Zeeman) field. An adaptation of the Hartmann-Hahn 
condition19,20, this form of ‘rotating frame’ cross-
polarization has already found extensive use in traditional 
(i.e., macroscopic) inductively-detected magnetic 
 
Figure 1 | NV--assisted detection of proton spins on the diamond surface. (a) Working geometry. We engineer shallow NVs 
via a fabrication process involving diamond overgrowth, nitrogen implantation, and sample annealing (see main text). (b) To 
determine the NV depth, we implement an XY8 pulse train and record the NV- spin response as a function of the inter-pulse 
separation  measuring the NMR spectrum of a sample on top of the diamond. (c) 1H NMR spectra as obtained upon application 
of the protocol in (b) for different magnetic fields. In the above experiments, all mw pulses act resonantly on the NV- 𝑚𝑆 =
0 ↔ 𝑚𝑆 = −1 transition. NA: Numerical aperture (1.35). 
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resonance, where it is best known as NOVEL15,21 (Nuclear 
spin Orientation Via Electron spin Locking). 
In our experiments, we first record the NOVEL signal 
from individual shallow NVs brought in contact with 
proton spins in an organic fluid on the diamond surface. 
As a proof of principle, we use the immersion oil (Fluka 
Analytical 10976) used to optimally couple the NV- 
fluorescence to the optical objective; we will show later 
that the relatively high viscosity of this fluid — and, 
correspondingly, its slow molecular diffusion — plays a 
key role in enabling an efficient polarization transfer. Fig. 
2c shows the measured NV- polarization after a fixed 
spin-locking time (150 µs) as a function of the mw field 
amplitude: We find greater signals for Rabi frequencies 
both above and below the proton Zeeman frequency 
(dashed vertical line), thus confirming the resonant nature 
of the transfer. A similar dependence can be seen for the 
NV- spin-locking relaxation time 𝑇1𝜌, presented for two 
example NVs in Fig. 2d. As we change the applied 
magnetic field, the dip position shifts at a rate 𝛾 =
42.59 ± 0.08 kHz/mT (Fig. 2e), coincident with the 1H 
gyromagnetic ratio (𝛾H = 42.576 kHz/mT). 
We now turn to the dynamics of the polarization 
process. A direct comparison of the temporal evolution of 
the NV- signal with or without Hartmann-Hahn matching 
is presented in Fig. 3a (orange and green traces, 
respectively). In both cases, we observe an exponential 
decay of the NV- spin polarization as a function of locking 
time, though the on-resonance time constant is 
considerably shorter, a signature of NV- spin cross-
relaxation with the proton bath. Calculating the difference 
between both curves (blue trace in Fig. 3a), we use the 
 
Figure 2 | Resonant NV- spin cross relaxation to 1H spins in immersion oil. (a) Schematics of the NOVEL protocol. We 
measure the NV- spin polarization after a “spin-locking” pulse of variable duration and/or amplitude. (b) NV- spin cross 
relaxation to the nuclear spin bath takes place when the Rabi frequency matches the nuclear spin Zeeman splitting; the transfer 
time is dictated by the inverse of the hyperfine coupling constant 𝐴⊥. (c) NV
- spin signal (depth 7.7 ± 0.4 nm) after a NOVEL 
sequence of fixed spin-locking duration (150 µs) and variable mw amplitude (expressed as the NV- spin Rabi frequency). (d) 
NV- spin relaxation time 𝑇1𝜌  during spin-locking as a function of the Rabi field for two shallow NVs (3.9 ± 0.2 nm and 2.6 ± 
0.1 nm deep, top and bottom, respectively). The solid line in (c) and (d) is a Lorentzian fit whereas the vertical dashed line 
indicates the 1H spin resonance frequency at the applied magnetic field (60.2 mT). (e) Rabi frequency corresponding to the T1ρ 
minimum as a function of the magnetic field; from the linear fit (solid line), we extract a rate 𝛾 = 42.59 ± 0.08 kHz/mT, 
consistent with the 1H gyromagnetic ratio. 
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slope in the linear response at early times (dotted red line 
in Fig. 3a) to approximate the cross-polarization time 
𝑇CP
′ = 120 µs, where the prime highlights the difference 
with the ‘true’ cross-polarization time 𝑇CP observed in the 
limit of an infinite wait time 𝑇W between successive 
repeats (see below). Assuming for now the difference 
between the two is not large, we obtain a crude estimate 
of the distance to the detection volume via the 
approximate formula22 
                         
2𝜋
𝑇CP
′ ≅
𝜇0
4𝜋
𝛾NV𝛾Hℏ
𝑟eff
3 √𝑁                          (2) 
where N is the number of protons within the detection 
volume, ℏ is Planck’s constant divided by 2𝜋, and 𝜇0 is 
the permeability of free space. Using 𝑁~7000, we get 
𝑟eff~10 nm, consistent with the measured NV
- depth (7.7 
± 0.4 nm). 
In stark contrast with prior 13C NOVEL experiments 
in diamond3 (where the NV- evolution during the spin-
lock time shows successive maxima and minima), the 
exponential decay observed herein indicates a monotonic, 
one-directional polarization transfer process. The latter, 
of course, stems from the broad distribution of NV-–1H 
couplings inherent to the present working geometry and, 
correspondingly, the lack of commensurate frequencies 
required to produce a ‘revival’ in the polarization transfer. 
Molecular diffusion during 𝑇CP further contributes to 
smooth out the NV- signal, though we note that a similar 
exponential decay was seen for protons in PMMA (see 
below and Section 3 in the Supplementary Material). 
The ability to transfer spin polarization to 
neighbouring protons from a single NV can be further 
exploited to gather information on the chemical 
composition23, nanoscale structure24,25, and molecular 
dynamics26 near the diamond surface. Of special interest 
in the case of fluids is how molecules arrange and diffuse 
near the interface with the solid27. Our initial experiments 
in this direction make use of the protocol in Fig. 3c, where 
we introduce a variable wait time 𝑇W between successive 
repetitions of the NOVEL sequence. The rationale is that 
because spin diffusion and nuclear spin relaxation within 
the proton bath are relatively slow, a number of repeats 
 
Figure 3 | Dynamics of NV- cross-relaxation. (a) NV- spin signal after a NOVEL protocol of variable spin-locking time for 
Rabi frequencies on- and off-resonance relative to the Larmor frequency of protons in immersion oil (orange and green traces, 
respectively). To determine the cross-polarization time, we take the difference between the two (blue trace); from the inverse of 
the slope at early times (dashed line), we find 𝑇CP
′ = 120 µs. (b) An NV at a distance 𝑟S = 7.7 nm from the surface effectively 
interacts with all protons within a distance 𝑟S~11 nm (detection volume). This geometry leads to a broad distribution of hyperfine 
couplings preventing the formation of polarization transfer revivals. (c) NOVEL protocol featuring a wait time 𝑇W between 
successive repeats. (d) NOVEL NV signal as a function of 𝑇W for a fixed spin-locking time 𝑇L = 80 µs. (e) Same as in (d) but 
as a function of 𝑇L for a wait time 𝑇W ~ 200 𝜇𝑠  (cyan) and zero wait time 𝑇W ~ 0 (red) traces, respectively). In all cases the 
magnetic field is 54.4 mT; all other conditions as in Fig. 2.  
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comparable to N (i.e., the number of protons in the 
detection volume) is sufficient to locally saturate the 
proton bath polarization. Since N is much smaller than the 
number of repeats needed to attain a reasonable signal-to-
noise (SNR) ratio (of order 106 per data point), a 
polarization transfer blockade takes place unless 
molecules physically diffuse in and out of this volume on 
a faster time scale. Indeed, we find for protons in oil that 
the signal amplitude after a NOVEL sequence of fixed 
spin-locking time (80 µs) tends to decrease as 𝑇W grows 
(Fig. 3c); along the same lines, we observe comparatively 
faster cross-relaxation after the addition of a fixed wait 
time of 200 µs (Fig. 3e), thus hinting at diffusion 
processes out of the detection volume with characteristic 
times longer than 𝑇CP. 
To interpret these observations on a more quantitative 
basis, we model the polarization transfer process through 
a set of coupled master equations describing the flow of 
polarization from the NV to protons within the detection 
volume (which we describe as a single unit block 
interacting with the NV via an effective coupling of 
amplitude 𝑇CP
−1). Defining 𝑇R as the time separating two 
successive repeats, we write 
𝑑𝑃(NV)
𝑑𝑡
=
𝑓(𝑡)
𝑇P
(NV)
(1 − 𝑃(NV)) −
𝑃(NV)
𝑇SL
(NV)
                           
                                      −
𝑔(𝑡)
𝑇CP
(𝑃(NV) − 𝑃(H))         (3) 
and  
𝑑𝑃(H)
𝑑𝑡
= −
𝑃(H)
𝑇SL
(H)
−
𝑃(H)
𝑇D
(H)
                                                     
                                    +
𝑔(𝑡)
𝑁𝑇CP
(𝑃(NV) − 𝑃(H))         (4) 
Here 𝑃(NV) (𝑃(H)) denotes the NV- (1H) spin polarization 
(within the detection volume), 𝑇SL
(NV)
 (𝑇SL
(H)
) is the NV 
(1H) spin-lattice relaxation time, 𝑇D
(H)
 is the characteristic 
time a molecule spends within the detection volume, and 
𝑇P
(NV)
 denotes the NV spin pumping time under optical 
excitation; 𝑓(𝑡) (𝑔(𝑡)) is a step function (of period 𝑇R) 
equal to 1 when the laser (mw) is on and 0 otherwise. 
To numerically solve the above set of equations we 
assume 𝑇SL
(H)
~1 s ≫ 𝑇D
(H)
, i.e., the decay of proton 
polarization in the detection volume is dominated by 
molecular diffusion. For simplicity, we further assume 
that the NV- spin-lattice relaxation time 𝑇SL
(NV)
= 250 µs 
is given by the off-resonance NV- spin relaxation time 
𝑇1𝜌
(off)
 (see Fig. 3a). Note that because 𝑇P
(NV)
~1 µs is much 
shorter than any other time scale, full polarization of the 
NV- spin is reached almost instantaneously upon laser 
excitation. With these approximations, we interpret the 
observations in Figs. 3d and 3e as the result of slow 
molecular diffusion dynamics near the surface, i.e., 
𝑇D
(H)
> 𝑇CP. In particular, by assuming 𝑇CP = 100 µs (see 
Section 5 in the Supplementary Material), we find the 
experimentally observed contrast for  𝑇D
(H)
≳ 170 µs. 
Interestingly, this value exceeds the time molecules spend 
within the detection volume, (𝑟d − 𝑟s)
2 𝐷M
(b)⁄ ~60 µs, 
calculated when assuming that the self-diffusion 
coefficient of bulk oil, 𝐷M
(b)
~0.3 nm2/µs, remains 
unchanged near the surface. Our results suggest, 
therefore, that the dynamics of oil molecules is slower 
close to the solid-liquid interface, a notion consistent with 
theoretical models27,28 and recent experimental 
observations26,29. 
In applications aimed at the hyperpolarization of 
target fluids30,31, an interesting question is the set of 
conditions — 𝑇CP, 𝑇D, and 𝑇R — required to optimize the 
polarization transfer. In Fig. 4 we analyze the NV- spin 
Figure 4 | Modeling NV- cross-relaxation to protons spin in fluids. (a) Calculated NOVEL signal for a fixed spin-locking 
duration as a function of the wait 𝑇W between repeats. (b) Same as in (a) but as a function of the spin-locking time for a short 
(1 µs) and a long (200 µs) wait time between repeats (blue and orange traces, respectively). For reference, the plot also includes 
the ideal response in the limit of infinite wait time (red trace). (c) Calculated contrast (see Eq. (4)) as a function of the repetition 
and diffusion times, 𝑇R and 𝑇D, respectively.   
 6 
cross-relaxation contrast by calculating the polarization 
gain by the proton spin when the NV- spin is driven at on- 
and off-resonance conditions (see Section 5 in the 
Supplementary Material). For Fig. 4C, we have fixed the 
cross polarization time 𝑇𝐶𝑃, and varied the wait time TW, 
and diffusion time 𝑇𝐷 . We find that most efficient cross-
polarization when 𝑇D~𝑇R > 𝑇CP and remains constant for 
any further increases in 𝑇𝑅. On the other hand, at faster 
diffusion rates (𝑇D ≪ 𝑇CP), the cross polarization rate 
averages to zero, thereby reducing the transfer efficiency 
for any 𝑇𝑅. Hence regardless the repetition rate, high 
diffusive fluids such as water cannot be polarized 
efficiently through this technique without the formation 
of a near-surface layer featuring sufficiently slow 
molecular dynamics. 
The discussion above can be formally extended to 
nuclear spins in solids if 𝑇D
(H)
 is replaced by the spin 
diffusion time 𝑇S
(H)
~ (𝑟d − 𝑟s)
2 𝐷S⁄ , where 
𝐷S~(𝜇0 4𝜋⁄ )(0.1 𝛾H
2ℏ 𝑟H−H⁄ ) is the spin diffusion 
coefficient32, and 𝑟H−H is the inter-nuclear distance. This 
process, however, is inherently slow: Even for strongly 
coupled nuclear systems such as protons, we calculate 
𝐷S~2 × 10
−4 nm2/µs, orders of magnitude smaller than 
the self-diffusion coefficient of most fluids. The rapid 
polarization of neighboring nuclei thus prevents further 
transfer — the so-called ‘blockade’ — hence leading to 
negligible NOVEL contrast. Naturally, the contrast can be 
made non-zero by periodically cycling the sign of the 
starting NV- spin, though at the expense of a net 
polarization gain in the nuclear spin reservoir. By the 
same token, non-zero contrast is expected in the limit of 
exceptionally short nuclear spin-lattice relaxation times, 
precisely the condition throughout our NOVEL transfer 
experiments to protons in a PMMA film (Section 3 in the 
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Supplementary Material).  
In summary, we demonstrated microwave-assisted 
cross polarization from optically-pumped shallow NVs to 
protons in an organic fluid on the diamond surface. By 
studying the polarization transfer efficiency as a function 
of the repetition rate we obtained an estimate for the 
effective time an oil molecule spends within the detection 
volume. The corresponding near-surface diffusion 
coefficient 𝐷M
(s)
≲ 0.1 nm2/µs is substantially lower than 
in bulk (𝐷M
(b)
~0.3 nm2/µs), thus supporting the notion of 
slower molecular dynamics near the solid surface.  
Extension of these studies to properly prepared 
surfaces and other target fluids could be exploited to 
directly probe the ‘no-slip’ condition at the surface, a 
notion often invoked but notoriously difficult to verify 
experimentally28. Alternatively, polarizing external spins 
can be a key element in various quantum information 
protocols using solid state spins, such as in simulating 
strongly interacting spin systems that can be controlled 
and readout through single quantum probes35,36, and for 
studies on the foundational aspects of quantum 
thermodynamics. 
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